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The proposed ASTM procedures for the determination of 13 major and minor., and 
11 trace elements, in solid coal and coke combustion residues by inductively coupled 
plasma-atomic emission spectrometry (ICP-AES) were checked for routine use. In this 
study, the ICP analysis values and XRF analysis values of major and minor elements in 
two kinds of coal and two kinds of limestone were compared. It was shown that over 
95% closure of the mass balances of the 24 major, minor, and trace elements was 
obtained with the proposed ASTM procedure. Also, it was demonstrated that trace 
elements may be lost through combustion. From six combustion runs, the composition 
of the fly ashes produced in the FBC burns was determined by XRF analysis. The total 
carbon, inorganic carbon, and unburned carbon in the fly ashes were also determined. 
The combustion efficiency of the AFBC system was calculated by comparing the carbon-
to-iron ratios in the unburned fuel to that in the fly ashes. 
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I. INTRODUCTION 
Coal is a composite material with organic and inorganic constituents; its structure 
can be viewed as consisting of hydroaromatic structures with aromaticity increasing from 
low-rank to high-rank coals. The heteroatoms, oxygen, nitrogen, and sulfur are 
associated with the coal in varying amounts. The sulfur is divided into organic and 
inorganic, with the organic sulfur being distributed throughout the entire coal. The 
inorganic sulfur is mainly associated with iron disulfide (pyrite or marcasite) and with the 
sulfates in weathered coals. Nitrogen in coal is found mainly in ring positions. Oxygen 
is present in phenolic hydroxyl, open ethers, and ring ethers; it is also an important 
constituent of the clay minerals. The inorganic constituents of coal are mainly the 
commonly occurring minerals illite, kaolinite, mixed-layer clay, quartz, calcite, and 
pyrite.1 
Coal is a source of valuable elements and inorganic materials. Hence, it is now 
considered essential that the nature of the mineral constituents of coal be more thoroughly 
understood in order to evaluate the inorganic material produced, e.g., by fly ash formation 
and discharge, when coal is employed as a fuel or feedstock. 
The properties of coal ash reflect the changes that have taken place in the mineral 
matter through some heating process. As a result of heating, the different mineral forms 
may have undergone decomposition, a solid-state reaction, or a heterogeneous reaction. 
1 
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The higher the ash content the lower the heat of combustion obtainable from a unit 
sample of coal. Hence it is necessary to remove mineral matter during cleaning and 
preparation operations. A high mineral content also introduces additional problems such 
as a loss in the combustion efficiency and problems related to the handling and disposal 
of larger amounts of mineral ash. Obviously, mineral matter in coal will cause problems 
during utilization, and it is necessary to take measures to counteract any adverse effects 
that will arise from its presence.2 
The mineral matter content of coal varies considerably and may even be as high 
as 35% of the coal by weight. The composition of the mineral ash after combustion is 
important to, for example, the performance and design of post combustion cleanup 
equipment such as electrostatic precipitators and flue gas desulfurization units. The alkali 
metals (sodium and potassium) decrease the resistivity of the ash and can influence sulfur 
removal. Also, in addition to causing corrosion and deposition problems, they can be 
retained in the slag. This latter phenomenon can reduce the impact of these minerals in 
the hot sections of the turbines during power generation.3 
Aluminum, silicon, and iron can also influence the size of the electrostatic 
precipitator. Moreover, fly ash can cause degradation of any catalyst used downstream 
both by blocking the matter in a coal conversion plant. Mineral constituents can also 
cause catalyst poisoning and have adverse catalytic effects on the process. On the other 
hand, any potential beneficial catalytic effects of the mineral constituents of coal also 
need to be evaluated and precisely defined.3 
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Ash fusibility can be strongly influenced by differences in calcium, magnesium, 
and iron content. Too high a magnesium content can cause clinkering troubles and lead 
to "magnesia swelling." 
The problems associated with the commercial use of coal are often due to the 
mineral matter present in the coal. Over 80% of the coal used in the United States is 
burned in boilers to generate steam for electric power production. In the combustion 
process, the mineral matter is released and in a few seconds traverses the furnace and 
subsequent parts on the way to the smokestack. If most of the mineral matter has a 
relatively high ash fusion temperature, this material, termed fly ash, moves through the 
furnace parts to some equipment designed to remove the fine particles. If the ash fusion 
temperature is not relatively high then the small particles become soft and sticky. They 
can impinge on the walls and the tubes of the furnace cavity to produce deposits. The 
presence of the fly ash and deposits reduces heat transfer and steam generation, impedes 
gas flow through the furnace cavity, causes physical damage to the parts, and corrodes 
as well as erodes internal parts of the furnace.3 
While many environmental issues focus on the discharge of gaseous material such 
as sulfur oxides and nitrogen oxides, the discharge of mineral slag to the surrounding 
environment is also cause for concern. The constituents of these slags can be toxic to the 
flora and fauna, not only in the immediate vicinity of the plant but also in areas quite 
remote from it. The toxic materials (e.g., sulfur dioxide, fly ash) can be transported by 
surface and ground waters as well as by the prevailing winds. 
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Since coal is a heterogeneous mixture of many minerals, it is important to have 
analytical methods to measure the inorganic constituents accurately and thus to be able 
to follow their path through various stages of coal production and utilization. 
A compositional analysis of the ash in coal is often useful in the total description 
of the quality of the coal. Knowledge of ash composition is also useful in predicting the 
behavior of the ashes and slags in combustion chambers. Utilization of the coal 
combustion ash by-products sometimes depends on the chemical composition of the ash. 
It should be noted that the chemical composition of laboratory prepared coal ash may not 
exactly represent the composition of fly ash and slag resulting from commercial scale 
burning of the coal.4 
There are four standard methods developed by the American Society for Testing 
and Materials (ASTM) for determining the major, minor, and trace elements in coal ash, 
with alternative procedures in each method. These are (1) ASTM Method D 2795, 
"Analysis of Coal and Coal Ash";5 (2) ASTM Method D 3682, "Major and Minor 
Elements in Coal and Coke Ash by Atomic Absorption";6 (3) ASTM Method D 3683, 
"Trace Elements in Coal and Coke Ash by Atomic Absorption";7 and (4) ASTM Method 
D 4326, "Major and Minor Elements in Coal and Coke Ash by X-Ray Fluorescence."8 
The first method, ASTM Method D 2795, covers the inexpensive analysis of coal 
and coke ash for the commonly determined major elements. Major elements such as K20, 
Na20, MgO, CaO, Si02, A1203, P205, Ti02 , and Fe203 are determined by a combination 
of spectrophotometric, chelometric titration, and flame photometric procedures. 
Coal ash is generally prepared from thoroughly mixed air-dried coal, which has 
been ground to pass a No. 60 (250-|_im) sieve. The coal is placed into a cold muffle 
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furnace and heated gradually until the temperature reaches 500°C in 1 hour and 750°C in 
2 hours. The ash is allowed to cool, transfered to an agate mortar, and ground to pass 
a No. 100 (150-|am) sieve. The ash is then reignited at 750°C for 1 hour. 
Coal samples should be burned slowly in the preparation of ash samples. Rapid 
burning will make sulfur oxides react with metal oxides to form stable sulfates, and errors 
will be introduced into all the analytical results. 
Two solutions are prepared to analyze the elements. Solution A is used to analyze 
for Si02 and A1203. The Si02 and A1203 are obtained by fusing the ash with sodium 
hydroxide (NaOH) followed by a final dissolution of water and hydrochloric acid (HC1). 
Solution B is prepared by digestion of the ash with sulfuric acid (H2S04), hydrofluoric 
acid (HF), and nitric acid (HN03) to analyze for Fe203, Ti02 , P205, CaO, MgO, Na20, and 
K20. 
Silicon dioxide, aluminum oxide, ferric oxide, titanium dioxide, and phosphorus 
pentaoxide are determined with a UV-visible spectrometer. Calcium oxide and 
magnesium oxide are determined by a chelometric titration. A flame photometer is used 
to determine sodium oxide and potassium oxide. 
The second method, ASTM Method D 3682, covers the analysis of the commonly 
determined major and minor elements in coal and coke ash. Atomic absorption methods 
are used for the determination of Fe203, Si02, CaO, MgO, Na20, K20, Mn02 , A1203, and 
Ti02. 
Whole coal and coal ash have been extensively characterized by atomic absorption 
spectroscopy (AAS), utilizing the various available options, including the conventional 
flame-atomization approach on dissolved or fused coal ash, cold-vapor techniques for Hg, 
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"flameless" or high-temperature furnace atomization of solid and liquid samples, slurry 
injection techniques of whole coal, and hydride-evolution. AAS is probably the most 
utilized analytical technique for elemental analyses by the majority of the coal laboratories 
in the world. The method is applicable to over 20 elements in coal or coal ash with 
reasonable sensitivity, precision, and accuracy. However, AAS is a single, rather than a 
simultaneous, multielement technique. Although AAS procedures are generally 
straightforward, they are inherently burdened with correcting for matrix effects, many of 
which are negligible, and necessitate chemical blanks. Volatility losses for some elements 
upon ashing and complete dissolution of the ash can present problems. 
The ashing procedure is the same as that used before in ASTM Method D 2795. 
The ash is mixed with lithium tetraborate (Li2B407) in a platinum dish and heated to 
1000°C for 15 minutes. The fused mixture is then dissolved in 2% HC1 and appropriate 
dilutions are made for the analysis. 
Silicon dioxide, aluminum oxide, calcium oxide, magnesium oxide, sodium oxide, 
potassium oxide, titanium dioxide, manganese dioxide, and iron oxide are determined by 
using different hollow-cathode lamps and a nitrous oxide/acetylene flame or an 
air/acetylene flame. The percentage of each oxide can be obtained through the calibration 
and calculations from the measured absorbances of the blank solutions, the standard 
solutions, and the sample solutions. 
The third method is ASTM Method D 3683. A wide range of trace elements 
occur in coal, primarily as a part of the mineral matter. Concern over release of certain 
trace elements to the environment as a result of coal utilization has made the 
determination of these trace elements an increasingly important aspect of coal analysis. 
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ASTM Method D 3683 covers the determination of beryllium, chromium, copper, 
nickel, lead, vanadium, manganese, and zinc in coal and coke ash. Whole coal or coke 
is ashed, dissolved by mineral acids, and the individual elements determined by atomic 
absorption spectrometry. 
Coal ash is generally prepared from thoroughly mixed air-dried coal that has been 
ground to pass a No. 60 (250-(im) sieve. The coal is placed in a cold muffle furnace and 
heated gradually so that the temperature reaches 300°C in 1 hour and 500°C in 2 hours, 
then heated to a constant weight at 500°C. The ash is allowed to cool, transferred to an 
agate mortar, and ground to pass a No. 200 (75-(im) sieve. The ash is reignited at 500°C 
for 1 hour. The ash is then heated in a mixture of aqua regia (mixture of one part 
concentrated HN03 , three parts concentrated HC1, and one part water) and hydrofluoric 
acid (HF) in plastic bottles to dissolve the ash for atomic absorption analysis. A boric 
acid solution (H3B03) is added to help the dissolution. 
Conventional atomic absorption procedures are used and background corrections 
made for each element. A nitrous oxide/acetylene (N20/C2H2) flame may be used for 
beryllium, vanadium, and chromium, while air/acetylene flame is used for the 
determination of cadmium, copper, nickel, lead, manganese, and zinc. 
The fourth method, ASTM Method D 4326, covers the analysis of the commonly 
determined major and minor elements in ash from coal or coke using X-ray fluorescence 
(XRF) techniques. This multielement method is well suited for major and minor element 
analyses, and also has good sensitivity for many trace elements. General limitations of 
the method include the need to correct for matrix effects and for possible inhomogeneity 
problems. 
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The ashing procedure is the same as that used in ASTM Methods D 2795 and D 
3682. For ASTM method D 4326, the ash is mixed with Li2B407 in a platinum or 
graphite crucible and heated to 1000°C. Heating should be continued until a clear glass 
pellet is obtained. Then the pellet is analyzed by X-ray Fluorescence spectroscopy. 
The pellet sample is irradiated by an X-ray beam of short wavelength (high 
energy). The characteristic X-rays of the atom that are emitted, or fluoresced, upon 
absorption of the primary or incident X-rays are dispersed, and intensities at selected 
wavelengths are measured by sensitive detectors. Detector output is related to 
concentration by calibration curves or by computerized data handling equipment. The K 
spectral lines are used for all of the elements determined by this procedure. All elements 
are determined as the element and reported as the oxide which includeds iron, calcium, 
potassium, aluminum, silicon, phosphate, magnesium, titanium, and sodium. 
Inductively coupled plasma atomic emission spectrometry (ICP-AES) is an 
analytical method used for analysis of major, minor and trace elements in coal. The 
proposed ASTM procedures for the determinations of 24 major, minor, and trace 
elements in the coal and coke have been established for ICP-AES analysis. 
The proposed test method for major and minor elements in solid coal and coke 
combustion residues by ICP-AES is as follows. The sample to be analyzed is ashed under 
standard conditions and ignited to constant weight. The ash is fused with lithium 
tetraborate (Li2B407) followed by dissolution of the melt in dilute nitric acid (HN03). 
Alternatively, the ash may be digested in a mixture of hydrofluoric, nitric, and 
hydrochloric acids. The solution is analyzed by inductively coupled plasma-atomic 
emission spectrometry (ICP) for all elements. The basis of the method is the 
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measurement of atomic emission. Samples are nebulized and a portion of the aerosol that 
is produced is transported to the plasma torch where excitation and emission occurs. 
Characteristic atomic-line emission spectra are produced by a radio-frequency inductively 
coupled plasma. A grating monochromator system is used to separate the emission lines, 
and the intensities of the lines are monitored by photomultiplier tubes or photodiode array 
detection. The photocurrents from the detector are processed and controlled by a 
computer system. A background correction technique is required to compensate for 
variable background contribution to the determination of elements. Background must be 
measured adjacent to analyte lines of samples during analysis. The position selected for 
the background intensity measurement, on either or both sides of the analytical line, will 
be determined by the complexity of the spectrum adjacent to the analyte line. The position 
used must be free of spectral interference and reflect the same change in background 
intensity as occurs at the analyte wavelength measured. 
The proposed test method for the determination of trace elements in coal and coke 
by ICP-AES is as follows. The test method pertains to the determination of antimony, 
arsenic, beryllium, cadmium, chromium, cobalt, copper, lead, manganese, molybdenum, 
nickel, vanadium, and zinc in coal and coke. The method can also be used for the 
analysis of residues from coal combustion processes. The coal or coke to be analyzed is 
ashed under controlled conditions, digested by a mixture of aqua-regia and hydrofluoric 
acid, and finally dissolved in 1% nitric acid. The concentration of individual trace 
elements are determined by either inductively coupled-atomic emission spectrometry (ICP-
AES) or inductively coupled plasma-mass spectrometry (ICP-MS). Selected elements that 
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occur at concentrations below the detection limits of ICP-AES can be quantitatively 
analyzed by graphite furnace atomic absorption spectrometry (GF-AAS). 
The ICP method has the advantages of being fast, having only minor matrix 
effects, and being applicable to many elements simultaneously. ICP has low detection 
limits for most elements. One disadvantage, common to other solution methods, is that 
whole coals need to be ashed and dissolved, possibly suffering volatility losses and 
incomplete solubility for some element species. The most time consuming aspect of ICP 
analysis is sample preparation. The material to be analyzed must be dissolved in solution 
for precise and accurate measurement. For raw coals this process means ashing the 
sample, either by furnace combustion to produce solid ash or by potentially hazardous wet 
digestion methods sometimes using mixtures of perchloric acid. 
Three different sample preparation procedures for the simultaneous determination 
of major and trace elements in coal fly ashes and geological samples by ICP were studied 
by M. Bettinelli, U. Baroni, and N. Pastorelli.9 A sequential Perkin-Elmer ICP-6000 
equipped with a Perkin-Elmer Model 7500 data station and a Pr-100 printer were used. 
Dissolution of the samples was achieved by high-temperature fusion with Li2B407 and 
subsequent dissolution in hydrochloric acid, or in a mixture of hydrochloric acid, nitric 
acid, perchloric acid or hydrochloric acids by heating in a PTFE bomb or in a microwave 
oven. The analysis of six different National Institute for Science and Technology (NIST) 
reference materials confirmed the accuracy of the method. All three procedures evaluated 
in this work are suitable dissolution techniques for a wide range of environmental 
samples. ICP analysis can be performed on both the fusion and acid solutions without 
any particular problems. The fusion procedure is fast, does not require expensive 
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laboratory equipment and, above all, it is not sensitive to the different mineral nature of 
the samples. Unfortunately, some volatile elements may be lost during the high-
temperature fusion. Acid dissolution in the PTFE bomb is the method normally employed 
when trace volatile elements must be determined, but it is time-consuming and can not 
easily be applied when several hundred samples are to be digested. This method seems 
particularly useful for volatile elements, and the solutions prepared by this procedure are 
suitable for analysis by ICP. 
ICP spectrometry offers many advantages over atomic absorption spectroscopy and 
its multielement capability facilitates fast analysis at both major and trace levels. When 
an analytical program for ICP analysis is prepared, an interference study is usually 
required, especially when determining trace elements in complex matrices like coal or fly 
ash where the numbers of potential interferents may be large. Interference studies involve 
the preparation of test solutions containing both the analyte and the possible interference, 
which is a very tedious procedure. To facilitate this task, M. A. B. Pougnet, M. J. Orren, 
and L. H. Haraldsen10 have constructed a device for mixing two solutions prior to 
nebulization and introducing the mixture into the ICP torch. They prepared coal ash 
samples by dissolving in Parr acid digestion bombs with a mixture of nitric and 
hydrofluoric acids. 
Compared to developing ICP programs for major elements, trace element 
determination requires a more thorough investigation of the choice of instrumental 
parameters, spectral lines, and of possible interference due to the large ratios of major-to-
trace elements in the samples. For trace element determinations a properly optimized 
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system is essential in order to increase the sensitivity and to obtain accurate and precise 
results. 
A Thermal Jarrell-Ash ICP was used to analyze eight major elements and twenty 
trace elements by R. A. Nadlkarni." The coal sample was first ashed with high 
temperature ashing or with RF plasma low temperature ashing. The coal ash or fly ash 
can be analyzed for major ash elements by fusing with lithium tetraborate in an automatic 
fusion device, the Claisse Fluxer. Subsequently, the solutions were analyzed for eight 
major (Al, Ca, Fe, K, Mg, Na, Si, and Ti) and 20 trace elements (As, B, Cd, Co, Cr, Cu, 
Li, Mn, Mo, Ni, P, Pb, Sb, Se, Sr, U, V, and Zn) by ICP spectrometry. The ash samples 
were also dissolved in a Parr bomb in a mixture of aqua regia and hydrofluoric acid. 
In sample preparation techniques, an automatic fusion device known as the Claisse 
Fluxer VI was used. The Claisse Fluxer fuses and dissolves six samples simultaneously. 
The entire operation requires only 15 minutes and is performed without operator 
intervention. Combination of the Claisse Fluxer sample preparation technique with ICP 
spectrometry has provided a rapid and accurate method for ash preparation.12 
R. I. Botto13 studied coal ash elements by ICP spectrometry using an automatic 
fusion device. The determinations which constitute an ash element analysis, Si02, A1203, 
Fe203, CaO, Na20, K20, Ti02 , P205, and S03 , were formerly performed in the laboratory 
using a combination of calorimetric, combustion, and atomic absorption techniques. 
Sample dissolution was accomplished by first fusing the ash with lithium tetraborate in 
a carbon crucible for 20-40 minutes at 980°C, then dissolving the fused glass in dilute 
hydrochloric acid. Use of the ICP for all but the P205 and S0 3 determinations reduced 
the time required for ash element analysis by nearly one-half, but the greater precision and 
13 
accuracy obtained with the ICP technique served to emphasize a flaw in their sample 
preparation procedure. Samples yielding low totals had to be reanalyzed, preventing them 
from reaching the optimum efficiency improvement with the ICP. 
The concentrations of specific elements can be useful indicators of some coal 
quality characteristics. Huggins and coworkers14 and Reid15 demonstrated that the 
aluminum, silicon, potassium, calcium, magnesium, and sodium values of a coal ash can 
be used to estimate ash fusion temperature. The Si/Al ratio of coal ash has been used as 
an indicator of the abrasiveness of a coal. Sodium is a major contributor to boiler fouling 
and metal corrosion and contributes to agglomeration in fluidized-bed reactors. Trace 
elements are generally defined as those elements with concentrations below 0.1 wt. % 
(1000 ppm). Despite concentrations in the parts-per-million range, certain trace elements 
can have a significant impact on coal utilization. For example, Be and the chalcophile 
elements, As, Cd, Hg, Pb, and Se, which are released during coal combustion or leached 
from coal waste products, can present significant environmental hazards; halogens such 
as CI and F can cause severe boiler corrosion; and volatilized Ni, Ti, or V can cause 
corrosion and pitting of metal surfaces. On the positive side, some trace elements (e.g., 
Ge, Zn, U, and Au) may eventually prove to be economic by-products of coal utilization, 
while other elements (e.g., B) may be useful in helping to understand depositional 
environments and to correlate coal seams.16'17 
Presently elements in coal can be determined with acceptable accuracy and 
precision with proper choice of analytical procedure and sample pretreatment technique. 
Multielement standards and numerous consensus samples are now readily available for 
comparison and calibration. 
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The objective of this study is to check the proposed ASTM procedures for the 
determination of the major, minor, and trace elements in coal ash for routine analysis and 
to determine the minor and trace elements that may be lost through combustion. The 
most utilized methods include X-ray fluorescence (XRF) and inductively coupled plasma-
atomic emission spectroscopy (ICP-AES). 
II. EXPERIMENTAL 
A. Materials 
Two high volatile B bituminous coals and two limestones were used in this study. 
The coal and limestone origins and analytical values are listed in Table 1. 
All reagents used in the research were of reagent grade. All water used was 18 
megaohm water prepared by ion exchange columns and micropore filtering. 
Calibration standards for the analysis of major, minor, and trace elements were 
National Institute for Standards and Technology (NIST) standards. All coal and coal ash 
samples were prepared by ASTM methods, by LECO instrumental requirements, or by 
different procedures described in this chapter. 
B. Instrumentation 
An EG&G ORTEC Model 6140/6141 Tube Excited Fluorescence Analyzer 
(TEFA) was used to obtain the reference data for major, minor, and trace elements in coal 
fly ash samples. The TEFA is an energy-dispersive X-ray fluorescence system. The 
system provides simultaneous qualitative and quantitative elemental analysis ranging from 
atomic number 11 through 92.18 The analysis is nondestructive and can be repeated with 
highly accurate results. To use the TEFA, a specimen is positioned into a specimen 
chamber where it is bombarded with the output from an X-ray tube. Fluoresced X-rays 
from the specimen are detected and separated by a lithium-drifted silicon [Si(Li)] detector. 
15 
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Table 1. Sources and Analytical Values of Coals and Limestones Used* 
95011 95031 KY Limestone VA Limestone 
Source KY #9 IL #6 KY VA 
Moisture (%) 7.32 8.32 1.57 0.06 
Ash (%) 9.37 10.78 51.01 56.93 
Vol. Matter (%) 43.34 37.21 N/A N/A 
Carbon (%) 74.08 72.61 9.97 9.07 
Hydrogen (%) 5.08 4.82 -0.07 -0.01 
Nitrogen (%) 1.54 1.54 0.00 0.00 
Sulfur (%) 3.20 2.38 0.01 0.00 
Oxygen (%) 6.72 7.57 39.08 34.01 
Chlorine (ppm) 118 3065 37 15 
Btu/Pound 13203 1284 N/A N/A 
* All Values except moisture are given on a dry basis. 
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A data processor in the system sorts the X-rays by energy, tabulates the number of X-ray 
counts for each element, converts the counts to elemental concentrations, and displays a 
graphic representation with detailed information of the spectrum on a video monitor. The 
display contour is a visual representation of the spectral data. Display manipulation, 
enhancement, and access to the spectral data is provided through a variety of controls and 
switches on a detachable keyboard. Figure 1 shows the diagram of a TEFA system. 
A LECO ICP-3000 Inductively Coupled Plasma Spectrometer was used to analyze 
for the major, minor, and trace elements in the coal and coal fly ash samples.19 The 
LECO ICP-3000 consists of four central components: the ICP source, the spectrometer, 
the detector, and the main computer system. A diagram of the LECO ICP-3000 is shown 
in Figure 2. 
The ICP source is comprised of the torch box, the RF (radio frequency) generator, 
and the heat exchanger. The main component of the inductively coupled source is the 
torch box. It consists of a quartz torch surrounded by an induction coil which is 
connected to the RF generator. The RF generator is capable of operating at 27.12 or 
40.68 MHz (27 or 48 nominal) at power levels up to 2 kW. A flow of argon acts as the 
support gas for the plasma and as the coolant for the quartz torch. 
The spectrometer is comprised of the input optics, the preselection polychromator, 
the high resolution echelle spectrograph, an automatic mask changer, and a scanning 
controller. The detector consists of a camera and camera controller. The camera detects 
the characteristic wavelength of the elements in a sample under the direction of the 
camera controller. Figure 3 shows a schematic diagram of the spectrometer. 
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A liquid sample is introduced into the nebulizer by using a peristaltic pump. The 
sample is vaporized by the nebulizer and introduced into a spray chamber, which sends 
the smaller vapor droplets into the inductively-coupled plasma as a fine aerosol. The fine 
aerosol created by the nebulizer and spray chamber is injected into the central channel of 
the ICP torch where the solvent is evaporated and the sample is atomized. 
Free atoms are excited in the plasma and emit light at wavelengths characteristic 
of the elements in the sample. The emitted lights are separated by the grating on a 
Rowland circle mount and changed to its constituent wavelengths. As the separated light 
reflects from the grating, it enters the preselection polychromator where it diverges and 
passes through a slitted mask located on the Rowland circle. 
The slits in the mask allow selected wavelengths to pass to a concave mirror 
where they are reflected to a second grating. When the second grating reflects the light, 
it forms a quasi-white beam that travels to the echelle grating. The echelle grating 
enhances resolution by diffracting the collimated quasi-white beam. A self-scanning 
photodiode array enables the LECO ICP-3000 to quantify the elements in the sample. 
C. Experimental Procedures 
1. Preparation of 750°C ash for Major and Minor Elements Analysis by ICP-AES and 
XRF Procedure 
a. Prepare the ash from a thoroughly mixed analysis sample of coal that has been 
ground to pass a 250 |am (No. 60) U.S.A. standard sieve. 
b. Spread the coal in a layer not over 6 mm (1/4 inch) in depth in an ash dish. 
Place the dish in a cold muffle furnace and heat gradually so that the temperature 
reaches 500°C in 1 hour and 750°C in 2 hours. 
Ignite at 750°C until all carbonaceous matter is removed, or for two additional 
hours. 
Allow the dish to cool, transfer to an agate mortar, and grind to pass a 75 |_im 
(No. 200) sieve. 
Reignite the ash at 750°C for 1 hour, cool rapidly, and weigh portions for analysis. 
Thoroughly mix each sample before weighing. 
Preparation of 500°C Ash for Trace Element Analysis by ICP-AES Procedure 
Ashing—Weigh to the nearest 0.1 mg, enough of the coal sample that will yield 
approximately 0.5 g of ash, into an open 50-mL quartz or high-silica crucible. 
Place the crucible in a cold muffle furnace. Adjust the temperature control so that 
the furnace reaches a temperature of 300°C in 1 hour and then 500°C in the 
second hour. Maintain the furnace temperature at 500°C for a minimum of 2 
hours, stirring the sample occasionally. 
Ashing is complete when no visible evidence of carbonaceous material remains. 
Cool the samples to room temperature under conditions that minimize the 
absorption of water. 
Grind the ash in an agate mortar to pass a 150 micron (No. 100) U.S.A. standard 
sieve and then reignite at 500 °C for 1 hour. 
Cool the ash and store in a desiccator. Determine the percentage of ash by 
analyzing under the same conditions a separate portion of the analysis sample. 
Sample Preparation for Major and Minor Elements in Coal Ash by ICP-AES 
Procedure 
Weigh 0.1 ± 0.0001 g of the prepared ash sample into a dish. Weigh 0.4000 ± 
5 mg (to nearest 0.1 mg) of the fluxing agent and add to the ash sample. Mix the 
ash and fluxing agent well. 
Place the dish in a clean silica or refractory tray and place in a muffle furnace 
preheated to 1,000°C for 15 minutes until a clear pellet is obtained. 
Remove the tray with the dish and cool to room temperature. 
Place the platinum dish in a clean 250 mL beaker. Place a clean teflon coated 
magnetic stirring bar in the platinum dish, and add 50 mL of 5 + 95 HN03 to the 
melt in the platinum dish. 
Immediately place the beaker with the dish on the stirring hotplate. Stir and heat 
the solution to just below boiling and maintain this near boiling condition for not 
more than 30 minutes, or until the melt has completely dissoved. 
Remove the platinum dish from the beaker, rinse the dish with small amounts of 
reagent water, and quantitatively transfer the solution to a 100 mL volumetric 
flask. 
Sample Preparation for Trace Elements in Coal Ash by ICP-AES Procedure 
Weigh 0.2000 to 0.5000 g of the thoroughly blended prepared ash into a 200 mL 
teflon beaker. Add 20 mL of aqua regia and 20 mL of concentrated hydrofluoric 
acid to the beaker. 
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Place the beaker on a hot plate that has been adjusted to 130-150°C. Heat the 
mixture to dryness, but do not bake. 
After the solution has evaporated, rinse the beaker walls with deionized water and 
heat this solution to dryness, again being careful not to bake the sample. 
Remove the beaker from the hot plate and cool to room temperature. 
Add 1 mL of concentrated nitric acid and 20 mL of deionized water to the beaker. 
Heat the contents on a hot plate at 90-100°C until the sample is in solution. 
Remove the beaker from the hot plate and allow the solution to cool to room 
temperature. 
Transfer the cool solution to a 100 mL volumetric flask and dilute to volume with 
deionized water. 
X-ray Fluorescence Analysis Procedure 
Weigh out 0.4 g coal ash or fly ash sample and mix by grinding in an agate motar 
and pestle with 5.000 g lithium tetraborate (Li2B407). 
Transfer the mixture to a platinum or graphite crucible and heat at 1000°C for 5-7 
minutes. 
Allow the pellet to cool in the graphite crucible, then remove and polish the 
underside with a diamond file. 
Load the pellet and standards into the sample tray. Record the sample position 
number. 
Turn on the Tube Excited Fluorescence Analyzer (TEFA). 
Optimize the operating conditions for the method being used. 
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g. Analyze the samples. 
6. ICP Analysis Procedure 
a. Use the Type II reagent water as the blank solution. Prepare calibration standards 
and sample solutions. 
b. Turn on the ICP, the torch, and allow the instrument to stabilize for 10-15 
minutes. 
c. Dilute the sample solution to 1:10. 
d. Deliver the coal sample to the nebulizer by a ten roller peristaltic pump. 
e. Analyze the samples according to the method protocol. 
III. RESULTS AND DISCUSSION 
A. Determination of the Composition of the Coal and Limestone Samples 
In the 1000-hour burns, 95011 coal, 95031 coal, KY Limestone, and VA 
Limestone were used, or will be used in this study. During the study an inductively 
coupled plasma-atomic emission spectrometer (ICP-AES) and an X-Ray fluorescence 
(XRF) were employed to analyze the composition of the coal and limestone ashes. 
1. X-Ray Fluorescence (XRF) Analysis Experiments 
We studied 95011 coal, 95031 coal, a KY limestone, and a VA limestone based 
on standard ASTM methods (D 3174) for the preparation of ash. A 0.4 ± 0.0001 g 
sample of the ash was mixed by grinding in a mortar and pestle with 5 ± 0.0005 g of the 
fluxing agent (Li2B407) and placed into a graphite crucible. The graphite crucible was 
placed in a clean silica tray and placed in a muffle furnace preheated to 1,000°C for 7 
minutes. The temperature is sufficient to fuse most mixtures completely, but heating was 
continued until a clear pellet was obtained. The pellet was allowed to freeze in the 
graphite crucible, removed, and the underside polished with a diamond file. 
Major and minor elemental analyses of the two coal ashes and two limestone ashes 
were carried out using an energy-dispersive X-Ray Fluorescence (XRF) spectrometer 
following ASTM Method D 4326. An EG&G ORTEC 6140/6141 Tube Excited 
Fluorescence Analyzer (TEFA) was used. The TEFA system was calibrated with 
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reference standards, all uniformly prepared by fusion with lithium tetraborate. Then the 
elemental analysis data for the two coal ashes and limestones were obtained with the 
TEFA system. All the values are reported on a dry basis. All elements are reported as 
the oxide. 
2. Sample Preparation for Major and Minor Elements in Coal Ash by ICP-AES 
Procedure 
We studied 95011 coal, 95031 coal, KY limestone, and VA limestone based on 
standard ASTM methods (D 3174) for the preparation of ash. A 0.1 ± 0.0001 g portion 
of the ash was mixed with 0.4 ± 0.0005 g of the fluxing agent (Li2B407) and placed into 
a platinum crucible. The crucible was placed in a clean silica tray and placed in a muffle 
furnace preheated to 1,000°C for 15 minutes. The temperature is sufficient to fuse most 
mixtures completely, but heating was continued until a clear pellet is obtained. The tray 
with the dish was removed and cooled to room temperature. The bottom and outside of 
the platinum dish were carefully rinsed to remove possible contamination, then placed in 
a clean 250 mL beaker. A clean teflon coated magnetic stirring bar was placed in the 
platinum dish, and 50 mL of 5 + 95 HN0 3 were added to the melt in the platinum dish. 
The beaker with the dish was placed on a stirring hot plate. The solution was heated and 
stirred to just below boiling and maintained near boiling for not more than 30 minutes or 
until the melt was completely dissolved. The platinum dish was removed from the 
beaker, rinsed with small amounts of reagent water, and the solution quantitatively 
transferred to a 100 mL volumetric flask. 
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The percentage (by weight) of each element in the ash was calculated using the 
following equation: 
% E = [(C x V)/w] x D x 100 
where: E = element analyzed 
C = concentration in mg/L (ppm or mg/g) of E in the analyzed 
solution 
V = volume (in liters) of sample solution prepared 
W = weight of sample in milligrams 
D = dilution factor 
Then we converted the % E of each element to the metal oxide percentage. 
A LECO ICP-3000 ICP Spectrometer was used to analyze major and minor 
elements in the two coals and two limestones. Table 2 lists the analytical emission lines 
used and recommended wavelengths using conventional nebulization. 
Concentrations of Si02, P205, K20, CaO, Ti02 , Fe203, Na20, MgO, A1203, and 
Mn02 determined by ICP analysis values and XRF analysis values for 95011 coal, 95031 
coal, KY limestone, and VA limestone, are listed in Tables 3 and 4. Figures 4, 5, 6, and 
7 show the ICP analysis values compared to XRF analysis values for 95011 coal, 95031 
coal, KY limestone, and VA limestone. We normalized the total concentration of 
elements of each sample to 97.5 % in the tables and figures. 
From Figure 4, Si02, CaO, K20, Ti02 , Fe203, Na20, MgO, A1203, and Mn02 
show good agreement between XRF and ICP analysis values for 95011 coal. The total 
concentration of Si02, P205, K20, CaO, Ti02 , Fe203, Na20, MgO, A1203, and Mn02 by 
ICP analysis is 95.79%. The total concentration of Si02, P205, K20, CaO, Ti02 , Fe203, 
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Na20, MgO, A1203, and Mn02 by XRF analysis is 94.31%. The reason for better ICP 
analysis results is the higher sensitivity of elements such as Si, P, K, and Ti, during ICP 
analysis. Figure 4 also shows the ICP analysis values for element Ca, Fe, Na, Mg, A1 and 
Mn are slightly lower than XRF analysis values. The reason for the poorer agreement is 
probably due to interference by other elements. The concentration for ICP analysis of ten 
elements is higher than that obtained from XRF analysis. Based on the data in Table 3 
and Figure 4, we can say that the method for the determination of major and minor 
elements in 95011 coal by ICP-AES is more efficient than the XRF method. 
Table 3 summarizes the concentrations of ten elements for 95031 coal, as 
determined by XRF analysis and ICP analysis. Figure 5 shows ICP analysis values for 
95031 coal vs. XRF analysis values. From Figure 5, Si02, CaO, K20, Ti02, Fe203, MgO, 
and Mn02 show good agreement between XRF and ICP analysis values for 95031 coal. 
The total concentration of Si02, P205, K20, CaO, Ti02 , Fe203, Na20, MgO, A1203, and 
Mn02 by ICP analysis value is 95.26%. The total concentration of Si02, P205 , K20, CaO, 
Ti02, Fe203, Na20, MgO, A1203, and Mn02 by XRF analysis is 91.28%. For 95031 coal, 
Figure 5 illustrates the ICP analysis data is better than the XRF analysis data for most 
elements. 
Table 4 gives the concentration of ten elements in KY limestone by XRF and ICP 
analyses. Figure 6 shows the ICP analysis values of KY limestone vs. XRF analysis 
values. From Figure 6, The values of P205, CaO, K20, Ti02 , Fe203, Na20, MgO, and 
Mn02 show good agreement between XRF and ICP analysis values for the KY limestone. 
The total concentration of Si02, P205, K20, CaO, Ti02 , Fe203, Na20, MgO, A1203, and 
Mn02 by ICP analysis is higher than that of the ten elements by XRF analysis. The 
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Table 2. The Analytical Emission Wavelengths of Major and Minor Elements used 
for ICP Analysis 
Element Wavelength Used (nm) Recommended Wavelengths (nm) 
A1 309.278 396.152, 256.80, 308.215, 309.271 
Ca 317.933 317.93,315.887,364.44,422.67 
Fe 239.562 259.553, 279.08, 285.21, 277.983 
Mg 280.270 279.553, 279.08, 285.21, 277.983 
Mn 257.610 257.610,294.92,293.31,293.93 
P 253.565 178.287, 214.900 
K 766.489 766.491, 769.896 
Si 288.158 212.412,288.16,251.611 
Na 588.994 588.995, 598.592 
Ti 334.941 337.280, 350.50, 334.941 
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Table 3. ICP and XRF Analysis Values (Percent by Weight) for 95011 Coal and 
95031 Coal 
Metal Oxides 95011 95031 
XRF Value ICP Value XRF Value ICP Value 
Si02 48.70 49.22 48.91 47.32 
P205 * 3.36 * 4.46 
CaO 2.00 1.86 1.77 1.62 
K 2 0 2.28 4.14 2.52 5.03 
TiO, 1.07 1.11 1.08 1.14 
Fe203 20.74 19.39 , 17.82 17.04 
Na 20 0.81 0.58 0.19 1.90 
MgO 1.11 0.70 0.70 0.80 
A1203 18.93 17.12 22.77 18.18 
MnO, 0.03 0.02 0.04 0.02 
* Phosphorus values were based on a poor calibration for this element and are not 
included. 
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Figure 6. ICP analysis values of KY limestone vs. XRF analysis values. 
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Table 4. ICP and XRF Analysis Values for KY Limestone and VA Limestone 
KY VA 
Metal Oxides XRF Value ICP Value XRF Value ICP Value 
SiO, 6.34 2.93 * 1.12 
P205 0.09 2.79 0.08 3.57 
CaO 86.76 75.60 94.36 78.96 
K 2 0 0.35 0.37 0.26 0.27 
Ti02 * 0.20 * 0.16 
Fe203 0.39 0.27 0.19 0.15 
Na 2 0 * 0.18 * 0.09 
MgO 3.52 3.73 2.55 0.97 
A1203 * 11.41 * 12.22 
Mn0 2 0.04 < 0.01 0.05 < 0.01 
* XRF values are outside the calibration range. 
too 
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Figure 6. ICP analysis values of KY limestone vs. XRF analysis values. 
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reason for better ICP analysis results is the higher sensitivity of elements such as P, K, 
Ti, Na, Mg, and A1 during ICP analysis. Almost all the ICP analysis values are better 
than the XRF analysis values. 
The ICP and XRF analysis values for VA limestone are given in Table 4. Figure 
7 also shows the ICP analysis data of VA limestone vs. the XRF analysis data. From 
Figure 7, one can see all the ICP analysis values are higher than the XRF analysis values. 
3. Sample Preparation for Trace Elements in Coal Ash by the ICP-AES Procedure 
We studied 95011 coal, 95031 coal, KY limestone, and VA limestone based on 
the proposed ASTM procedure for the determination of 11 trace elements by ICP-AES. 
The ashing procedure described in the experimental section was followed. 
Samples of 0.2000 to 0.5000 g of the thoroughly blended ash were weighed into 
a 200 mL teflon beaker. A 20 mL portion of aqua-regia and 20 mL of concentrated 
hydrofluoric acid were added to the beaker. The beaker was placed on a hot plate that 
had been adjusted to 130-150°C. The solution was heated to dryness, but not baked. 
After the solution had evaporated, the beaker was rinsed with deionized water and the 
solution heated to dryness, again being careful not to bake the sample. The beaker was 
removed from the hot plate and cooled to room temperature. A 1 mL portion of 
concentrated nitric acid and 20 mL of deionized water were added to the beaker. The 
contents were heated on a hot plate at 90-100°C until the sample was in solution. If a 
residue remained after 1 hour of heating, it was ignored. The trace elements were 
considered to be quantitatively extracted at this point. The beaker was removed from the 
hot plate and the solution allowed to cool to room temperature. The solution was then 
XRF Values 
O ICP Values 
Figure 6. ICP analysis values of KY limestone vs. XRF analysis values. 
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transferred to a 100 mL volumetric flask and diluted to volume with deionized water. A 
method blank was prepared with each batch of samples to be analyzed. Calibration was 
performed according to the procedure recommended by the manufacturer using a 
calibration blank and aqueous multielement standards made up in 1% trace metal grade 
HN03 . 
The concentrations of the elements were calculated in the ash as follows: 
C = (A x df) / (W x 100) 
where: C = weight percent of the element in the ash 
df = dilution factor 
A = ppm (mg/L or mg/g) of the element in solution 
W = weight of the sample in grams 
A LECO ICP-3000 ICP Spectrometer was used to analyze trace elements in the 
two coals and two limestones. Table 5 lists analytical emission lines used and 
recommended wavelengths using conventional nebulization. 
Concentrations of Cd, Co, Cr, Cu, Mn, Mo, Ni, V, and Zn determined by ICP 
analysis for ashes of 95011 coal, 95031 coal, KY limestone, and VA limestone prepared 
at 500°C and 750°C are listed in Tables 6 and 7. Figures 8, 9, 10, and 11 show the ICP 
analysis values for ashes of 95011 coal, 95031 coal, KY limestone, and VA limestone 
prepared at 500°C compared to those prepared at 750°C. From Figure 8, the 
concentrations of Cd, Cr, Cu, Mn, Mo, Ni, V, and Zn in 95011 coal show that the trace 
elements may be lost when the ashing temperature is increased. Also from Figure 9, the 
concentrations of Cd, Cr, Cu, Mn, Ni, V, and Zn elements for 95031 coal show the trace 
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Table 5. The ICP Analytical Emission Wavelengths of Trace Elements 
Element Wavelength Used (nm) Recommended Wavelength (nm) 
Cd 226.502 226.502 
Co 228.616 228.616 
Cr 267.716 267.716, 205.552 
Cu 324.754 324.754 
Mn 257.610 257.610 
Mo 202.030 202.030, 203.844 
Ni 232.003 231.604 
V 292.402 292.402 
Zn 213.856 213.856 
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Table 6. Trace Element Values Determined by ICP Analysis for Ashes Prepared at 
500°C 
Element 95011 95031 KY limestone VA limestone 
Cd 0.0007 0.0258 0.0261 0.0217 
Co < 1.5 <1.5 0.0671 0.0290 
Cr 0.0310 0.0295 <0 .02 <0 .02 
Cu 0.0075 0.0161 < 0.006 <0.006 
Mn 0.0086 0.0145 0.0512 0.0124 
Mo 0.0052 < 0.05 < 0.05 < 0.05 
Ni 0.0041 0.0099 0.0005 0.0018 
V 0.103 0.0359 0.0127 0.0116 
Zn 0.0612 0.0284 < 0.02 0.0061 
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Table 7. Trace Element Values Determined by ICP Analysis for Ashes Prepared at 
750°C 
Element 
Cd 
Co 
Cr 
Cu 
Mn 
Mo 
Ni 
V 
Zn 
95011 
< 0.003 
< 0.14 
0.0151 
0.0038 
0.0011 
0.0047 
0.0038 
0.0504 
0.0162 
95031 
0.0011 
< 0.14 
0.0121 
0.0072 
0.0045 
< 0.1 
0.0072 
0.0117 
0.0070 
KY limestone VA limestone 
< 0.003 
< 0.14 
< 0.01 
< 0.03 
0.0342 
< 0.1 
< 0.04 
< 0.03 
< 0.6 
< 0.003 
< 0.14 
< 0.01 
< 0.03 
0.0081 
< 0.1 
< 0.04 
< 0.03 
< 0.6 
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Figure 8. Trace element values for coal 95011 determined by ICP analysis for ashes prepared at 500°C and 750°C. 
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Figure 9. Trace element values for coal 95031 determined by ICP analysis for ashes prepared at 500°C and 750°C. 
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Figure 11. Trace element values for VA limestone determined by ICF analysis for ashes prepared at 500°C and 750°C. 
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element concentration may be decreased with increasing ashing temperature. Figure 8 and 
Figure 9 show Cd first vaporized from 500°C to 750°C. The volatility is Cd > V > Zn 
> Cr > Mn > Cu > Ni. 
Figure 10 and Figure 11 also show that Cd, Co, Cr, Cu, Mn, Mo, Ni, V, and Zn 
in the two limestones may be lost during combustion. Compared to Figure 8 and Figure 
9, the trace elements in the two limestones are lost faster than those in the two coals as 
the temperature is increased from 500°C to 750°C~attributable to the different trace 
element compounds that exist in the coals and limestones. Also particle size, particle 
composition, and the geochemical behavior of the element are factors. 
The quantity and composition of the fine particles is highly dependent on the 
interactions between coal composition, combustor operating condition and furnace design. 
These interactions are not well defined. Finely dispersed elements, such as those bound 
in organic matter in the coal, vaporize to a larger extent than those found in micron size 
nmineral inclusions, although the precise relationship between volatilization and organic 
affinity is not clearly understood. Vaporization is considered to be enhanced by high 
temperature or by long residence times at reducing conditions.20 
As, Be, Cd, Co, Cu, Mo, Ni, Pb, Sb, V, and Zn elements are vaporized but then 
recondense, tending to concentrate in or on the fines, and are depleted in the slag. Cr and 
Ni were predominantly present as oxides and chlorides in the flue gas stream, but some 
elements (Cd, Cr, Cu, Pb) are condensed as sulfates. With the exception of As, the 
elements present as oxides on condensation (Be, Cu, Ni, Pb) were generally converted to 
sulfates after further cooling.20 
The relative order of volatility is as follows: 
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Elemental state: 
As > Cd > Zn > Sb > Mn > Cu 
Sulfides: 
As > Cd > Sb, Pb > Zn > Co, Ni, Mn 
Oxides, sulfates, carbonates, silicates, phosphates: 
As > Cd > Pb > Zn > Cu 
This simplified relationship does not consider other complex chemical processes 
that might occur. Varying operating conditions during coal combustion affect the 
distribution of trace elements in the ashes. The volatilization and condensation 
characteristics of trace element compounds result in an uneven distribution on the fly ash 
particle sizes. 
In summary it can be said the three experiments above have validated the proposed 
ASTM procedure for the determination of 13 major, minor, and 11 trace elements by ICP-
AES. Also it was demonstrated that over 95% closure of the mass balances of the 24 
major, minor, and trace elements was obtained with the proposed ASTM procedures. It 
has also been shown that the trace elements may be lost through combustion. 
B. Determination the Composition of the Fly Ashes Produced in the FBC Burns 
This study covers 6 combustion runs. The latter runs have some modifications 
based on the initial runs. The more modifications made resulted in better combustion 
performance. Based on standard ASTM methods for the preparation of ash, major and 
minor elemental analyses of the fly ashes were carried out using an energy-dispersive X-
Ray Fluorescence (XRF) spectrometer following ASTM Method D 4326. 
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No. 95011 coal and KY limestone were used in the 6 FBC burns. No. 95011 coal 
is a high volatile bituminous coal. Analytical values for this coal were given in Table 1. 
The fly ash samples were collected every 30 minutes. Before analyzing the carbon 
content in fly ash, it had to be dried in a 105°C oven for at least 24 hours. A LECO 
CHN-1000 carbon, hydrogen, and nitrogen analyzer was used to analyze the total carbon 
content. A LECO CC-100 attachment was used to analyze the inorganic carbon which 
was used to calculate combustion efficiency. 
Combustion efficiency is defined as the percentage of the fuel's combustible matter 
that is consumed within the combustor. It is calaulated by the following equation: 
(C to ta l in c o a / f e 2 ® 3 in coal ~ C o r g a n j c jn f l y a s h ^ e 2 ^ 3 flyash) 
Combustion Efficiency = x 100 
C /Fe O 
^tota l in coal'A ^ 2 ^ 3 in coal 
Fe203 is frequently used as a normalizing element. 
1. August 15, 1995 Combustion Run 
Concentrations of Si02, P205, S03, K20, CaO, Ti02 , Fe203, Na20, MgO, A1203, 
and MnOz determined by XRF analysis for fly ashes were shown in Figure 12. Table 8 
and Figure 13 show the combustion efficiency for the August 15, 1995 combustion run. 
From Figure 12, we know the concentrations of some elements are unstable during the 
first 180 minutes. The unstable result was because the ratio of coal and limestone, 0 2 , 
and bed temperature did not reach optimum conditions. Also from Table 8 and Figure 
13, the ash contents and combustion efficiency were low during the first 180 minutes. 
After the 180 minutes the combustion efficiency reached 90%, and the ash reached 60% 
to 70%. The concentrations of Si02, P205, S03 , K20, CaO, Ti02 , Fe203, N ^ O , MgO, 
A1203, and Mn02 were stable after the first 180 minutes. The concentration of CaO was 
Figure 16. X R F analysis values for the November 30, 1.995 combustion run. 
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Table 10. The Percentage Ash, Carbon, Fe203, and Combustion Efficiency for the 
November 30, 1995 Combustion Run 
Combustion 
A s h C t o t a l on coal ^organic in flyash E ^ Q s in coal E ^ 2 ^ 3 f l y a s h E f f i c i e n c y 
20.28 68.66 48.86 20.45 2.30 40.60 
17.62 68.66 62.00 20.45 1.94 10.73 
27.10 68.66 53.27 20.45 2.54 41.39 
30.88 68.66 42.69 20.45 2.71 56.01 
18.58 68.66 39.32 20.45 1.35 18.98 
62.76 68.66 9.33 20.45 1.14 77.07 
41.12 68.66 29.81 20.45 2.80 70.34 
48.66 68.66 25.71 20.45 2.25 , 68.09 
56.90 68.66 15.43 20.45 1.99 78.38 
53.50 68.66 8.18 20.45 1.26 81.85 
55.13 68.66 5.89 20.45 1.26 86.99 
61.04 68.66 6.33 20.45 1.12 84.18 
64.20 68.66 10.41 20.45 1.76 83.49 
70.16 68.66 4.39 20.45 1.40 91.27 
66.88 68.66 17.76 20.45 2.21 77.61 
Figure 15. Combustion efficiency for the October 19, 1995 combustion run. 
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low during the first 180 minutes, and high after the 180 minutes, due to the ratio change 
between the coal and the limestone. After the first 180 minutes the ratio reached the 
optimum value. Also, we can obtain information from Figure 12 about desulfurization 
efficiency. When the concentration of CaO was high, the concentration of S03 in the ash 
was also high, the explanation is that the CaO serves as a good agent for capturing S03 . 
2. October 19, 1995 Combustion Run 
Figure 14, Figure 15, and Table 9 show the concentrations of 11 elements, the 
ash contents, and the combustion efficiency for the October 19, 1995 run. After the first 
180 minutes, the combustion efficiency reached over 92% and the ash contents reached 
over 70%. The concentrations of P205, KzO, Ti02 , Fe203, Na20, MgO, A1203, and MnOz 
were stable during the combustion run. Only Si02, S03 , and CaO changed after the first 
210 minutes. 
3. November 30, 1995 Combustion Run 
Table 10 and Figure 17 give the ash contents and the combustion efficiency for 
the November 30, 1995 run. Combustion efficiency reached only 80%. The ash contents 
were only 60%. Figure 16 shows the concentrations of Si02, P205 , S03 , K20, CaO, Ti02 , 
Fe203, Na20, MgO, A1203, and Mn02 as they changed during the combustion run. From 
Figure 16, when the concentrations of Si02, S03, Fe203, and A1203 were high, the 
concentration of CaO was low because limestone affects the concentrations of elements 
in ash. 
4. January 26, 1996 Combustion Run 
Figure 18 shows the concentrations of the major elements Si02, A1203, and Fe203 
affected by the CaO concentration. From Table 11 and Figure 19, we can see that when 
Time (min) 
Figure 16. XRF analysis values for the November 30, 1.995 combustion run. 
a S102 
® P 2 0 5 
A S 0 3 
B K 2 0 
O- Ca0 /10 
A T i02 
* Fe203 
* N a 2 0 
V MgO 
O AI203 
* M n 0 2 
Figure 15. Combustion efficiency for the October 19, 1995 combustion run. 
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Table 10. The Percentage Ash, Carbon, Fe203, and Combustion Efficiency for the 
November 30, 1995 Combustion Run 
Combustion 
A s h C t o t a ] jn c o a l Corganic in flyash E & O j jn coal E & Q 3 flvash E f f i c i e n c y 
56.30 68.66 25.21 20.45 1.36 48.35 
64.93 68.66 15.73 20.45 1.49 70.60 
64.78 68.66 16.08 20.45 1.37 67.33 
61.94 68.66 18.03 20.45 1.55 67.64 
63.01 68.66 16.96 20.45 1.65 71.34 
62.57 68.66 18.52 20.45 1.43 63.92 
73.66 68.66 6.06 20.45 1.23 86.25 
77.45 68.66 2.42 20.45 0.86 92.15 
75.51 68.66 4.12 20.45 0.85 86.52 
74.12 68.66 5.50 20.45 1.04 85.21 
73.92 68.66 5.30 20.45 0.88 83.17 
72.57 68.66 6.01 20.45 1.09 84.59 
72.04 68.66 7.35 20.45 0.99 79.21 
71.78 68.66 8.25 20.45 1.26 81.79 
Figure 16. XRF analysis values for the November 30, 1.995 combustion run. 
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Table 10. The Percentage Ash, Carbon, Fe203, and Combustion Efficiency for the 
November 30, 1995 Combustion Run 
Combustion 
A s h Gtotal in coal ^organic in flyash in coal E & Q s flyash E f f i c i e n c y 
50.74 68.66 27.54 20.45 2.64 70.93 
61.10 68.66 15.56 20.45 2.05 78.79 
52.14 68.66 23.02 20.45 1.96 67.14 
56.92 68.66 25.15 20.45 2.65 73.54 
53.76 68.66 23.33 20.45 2.78 76.62 
51.25 68.66 22.93 20.45 2.73 76.57 
49.03 68.66 23.83 20.45 2.54 73.82 
54.43 68.66 16.16 20.45 1.96 76.99 
62.17 68.66 11.07 20.45 1.52 79.72 
61.24 68.66 11.87 20.45 1.65 79.88 
59.36 68.66 11.24 20.45 1.58 80.21 
59.89 68.66 10.80 20.45 1.40 78.49 
100 
Figure 17. Combustion efficiency for the November 19, 1995 combustion run. 
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the concentrations of the major elements Si02, A1203, and Fe203 were high, the ash 
contents were low and also the combustion efficiency was low. Generally, after the first 
60 minutes of the combustion run, combustion efficiency reached over 80%. 
5. January 29, 1996 Combustion Run 
Concentrations of Si02, P205, S03 , K20, CaO, Ti02, Fe203, Na20, MgO, A1203, 
and Mn0 2 are shown in Figure 20. From the beginning of the combustion run, up to 330 
minutes, the concentrations of 11 elements were unstable. Also from Table 12 and Figure 
21, like Figure 20, ash contents were low and combustion efficiency was low during the 
beginning 330 minutes. This result may be attributable to several reasons. For example, 
adding excess fuel results in a temperature increase. After 330 minutes, the concentration 
of all elements is stable and the combustion efficiency was over 90%. 
6. March 22, 1996 Combustion Run 
After the first 120 minutes of this combustion run, the combustion efficiency was 
stable. These results can be seen from the data shown in Table 13 and Figure 22. Figure 
23 shows the concentrations of all elements stable after 120 minutes of combustion. 
However, combustion efficiency was not high. 
Figure 24 shows the combustion efficiencies for the six combustion runs. One can 
see from this graph that the combustion efficiencies varied considerably during these test 
burns. These variations were caused by many factors, most of which were optimized 
during these tests. The maximum combustion efficiency reached was a little more than 
90%. 
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— \ • - - • A * A 
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Figure 16. XRF analysis values for the November 30, 1.995 combustion run. 
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Table 10. The Percentage Ash, Carbon, Fe203, and Combustion Efficiency for the 
November 30, 1995 Combustion Run 
Ash r 
^to ta l in coa] c ^organic in flyash E & Q s in coal E & Q 3 flyash 
Combustion 
Efficiency 
74.26 68.66 10.97 20.45 1.10 72.14 
51.72 68.66 36.58 20.45 2.49 59.05 
61.49 68.66 18.31 20.45 2.25 77.29 
62.17 68.66 18.74 20.45 2.11 75.19 
65.14 68.66 16.41 20.45 2.76 83.42 
61.69 68.66 23.09 20.45 2.94 78.06 
58.05 68.66 32.60 20.45 3.42 73.44 
67.01 68.66 13.17 20.45 2.16 83.02 
64.99 68.66 11.80 20.45 1.92 82.88 
65.43 68.66 10.79 20.45 1.75 82.76 
61.91 68.66 12.63 20.45 1.51 76.67 
62.54 68.66 10.97 20.45 1.48 79.35 
64.91 68.66 7.57 20.45 1.40 84.86 
67.36 68.66 4.53 20.45 1.05 87.97 
55.23 68.66 14.92 20.45 1.50 72.18 
53.94 68.66 22.89 20.45 2.45 73.97 
59.88 68.66 16.83 20.45 2.80 83.20 
60.52 68.66 17.61 20.45 2.31 78.69 
63.77 68.66 15.48 20.45 2.26 80.86 
62.63 68.66 15.63 20.45 2.22 80.38 
63.02 68.66 16.62 20.45 1.19 61.06 
61.60 68.66 16.24 20.45 0.91 50.29 
57.53 68.66 25.89 20.45 1.59 54.66 
65.31 68.66 16.46 20.45 1.13 59.34 
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Figure 16. XRF analysis values for the November 30, 1.995 combustion run. 
64 
Table 10. The Percentage Ash, Carbon, Fe203, and Combustion Efficiency for the 
November 30, 1995 Combustion Run 
Combustion 
Ash r i i total in coal c inorganic in flyash E & Q s - i n coal E & Q o - f l y a s h Efficiency 
56.85 68.66 28.90 20.45 1.29 37.50 
50.97 68.66 31.22 20.45 1.99 56.17 
31.27 68.66 59.75 20.45 1.74 3.92 
41.34 68.66 47.02 20.45 2.19 40.00 
41.21 68.66 47.28 20.45 2.31 42.82 
62.33 68.66 24.63 20.45 1.55 55.71 
58.88 68.66 30.66 20.45 1.41 39.20 
54.84 68.66 34.52 20.45 1.73 44.41 
52.73 68.66 36.27 20.45 1.89 46.53 
40.12 68.66 53.94 20.45 2.82 46.70 
29.05 68.66 54.18 20.45 1.63 7.25 
40.35 68.66 42.25 20.45 1.66 29.07 
57.68 68.66 20.85 20.45 2.35 75.21 
57.15 68.66 20.69 20.45 2.99 80.72 
63.61 68.66 8.37 20.45 1.61 85.49 
58.24 68.66 16.63 20.45 2.25 79.41 
55.09 68.66 20.59 20.45 2.36 75.63 
67.29 68.66 5.18 20.45 1.29 88.75 
61.18 68.66 9.17 20.45 1.27 79.89 
63.76 68.66 8.66 20.45 1.47 83.52 
63.88 68.66 6.89 20.45 1.21 84.07 
63.83 68.66 7.64 20.45 1.21 82.42 
63.52 68.66 7.63 20.45 1.18 81.98 
64.60 68.66 7.34 20.45 1.08 81.01 
65.32 68.66 6.92 20.45 1.09 82.30 
61.58 68.66 10.52 20.45 1.59 81.52 
72.29 68.66 5.41 20.45 1.60 90.55 
65.40 68.66 9.69 20.45 1.48 81.70 
64.39 68.66 12.33 20.45 1.47 76.66 
62.14 68.66 11.79 20.45 1.58 79.24 
68.09 68.66 9.21 20.45 1.50 82.84 
65.70 68.66 11.30 20.45 1.74 81.89 
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Figure 21. Combustion efficiency for the January 29, 1996 combustion run. CTl U1 
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Table 10. The Percentage Ash, Carbon, Fe203, and Combustion Efficiency for the 
November 30, 1995 Combustion Run 
Combustion 
Ash r 
—total in coal 
p 
inorganic in flyash 3—in coal Fe203_flyash Efficiency 
4 8 . 1 2 6 8 . 6 6 3 6 . 8 2 2 0 . 4 5 1 . 1 5 1 1 . 0 2 
5 4 . 3 5 6 8 . 6 6 2 5 . 5 5 2 0 . 4 5 2 . 6 0 7 2 . 5 5 
3 4 . 7 8 6 8 . 6 6 5 5 . 1 1 2 0 . 4 5 2 . 7 3 4 3 . 7 4 
5 0 . 3 5 6 8 . 6 6 2 8 . 7 2 2 0 . 4 5 1 . 3 6 4 1 . 0 4 
6 4 . 4 1 6 8 . 6 6 1 0 . 5 3 2 0 . 4 5 1 . 1 5 7 4 . 3 7 
6 4 . 5 1 6 8 . 6 6 1 0 . 0 0 2 0 . 4 5 1 . 0 1 7 2 . 4 5 
6 5 . 9 1 6 8 . 6 6 7 . 4 7 2 0 . 4 5 0 . 8 0 7 4 . 0 7 
6 3 . 0 5 6 8 . 6 6 1 0 . 7 5 2 0 . 4 5 1 . 0 7 7 2 . 0 1 
6 7 . 3 4 6 8 . 6 6 5 . 0 0 2 0 . 4 5 0 . 6 3 7 7 . 7 2 
6 6 . 1 1 6 8 . 6 6 6 . 0 4 2 0 . 4 5 0 . 7 9 7 8 . 7 5 
6 4 . 3 5 6 8 . 6 6 8 . 9 9 2 0 . 4 5 1 . 0 3 7 5 . 6 3 
6 4 . 6 1 6 8 . 6 6 1 0 . 0 0 2 0 . 4 5 1 . 0 9 7 4 . 4 4 
6 4 . 6 9 6 8 . 6 6 9 . 2 1 2 0 . 4 5 1 . 0 3 7 5 . 0 1 
4 9 . 1 5 6 8 . 6 6 3 2 . 8 3 2 0 . 4 5 1 . 8 4 5 0 . 1 6 
6 1 . 0 0 6 8 . 6 6 1 4 . 5 6 2 0 . 4 5 1 . 3 4 6 9 . 7 2 
6 6 . 3 8 6 8 . 6 6 8 . 5 2 2 0 . 4 5 0 . 9 2 7 4 . 0 4 
6 3 . 4 2 6 8 . 6 6 1 2 . 5 0 2 0 . 4 5 1 . 0 8 6 7 . 6 4 
6 3 . 6 8 6 8 . 6 6 1 4 . 3 3 2 0 . 4 5 1 . 2 1 6 6 . 9 5 
6 3 . 9 2 ' 6 8 . 6 6 1 3 . 4 4 2 0 . 4 5 1 . 2 2 6 9 . 2 8 
6 3 . 5 9 6 8 . 6 6 1 4 . 9 7 2 0 . 4 5 1 . 9 8 7 8 . 8 8 
5 9 . 4 7 6 8 . 6 6 2 1 . 3 2 2 0 . 4 5 2 . 1 8 7 2 . 7 4 
6 1 . 6 9 6 8 . 6 6 1 7 . 7 2 2 0 . 4 5 1 . 7 0 7 0 . 8 5 
6 0 . 5 1 6 8 . 6 6 1 9 . 8 9 2 0 . 4 5 1 . 6 8 6 7 . 0 0 
6 0 . 8 3 6 8 . 6 6 1 8 . 1 7 2 0 . 4 5 1 . 3 4 6 2 . 2 8 
5 6 . 4 5 6 8 . 6 6 1 7 . 8 6 2 0 . 4 5 1 . 6 2 6 9 . 2 3 
6 4 . 4 7 6 8 . 6 6 1 3 . 4 4 2 0 . 4 5 1 . 3 1 7 1 . 3 4 
6 4 . 2 4 6 8 . 6 6 1 4 . 6 9 2 0 . 4 5 1 . 2 9 6 8 . 2 5 
6 3 . 9 7 6 8 . 6 6 1 5 . 2 6 2 0 . 4 5 1 . 1 5 6 3 . 0 1 
6 3 . 2 4 6 8 . 6 6 1 7 . 6 6 2 0 . 4 5 1 . 4 0 6 4 . 7 4 
6 5 . 3 5 6 8 . 6 6 1 3 . 6 1 2 0 . 4 5 1 . 2 2 6 8 . 7 5 
6 2 . 7 8 6 8 . 6 6 1 7 . 1 4 2 0 . 4 5 1 . 1 3 5 7 . 6 7 
6 3 . 7 7 6 8 . 6 6 1 7 . 0 9 2 0 . 4 5 1 . 2 7 6 2 . 4 2 
6 2 . 2 1 6 8 . 6 6 1 7 . 4 8 2 0 . 4 5 1 . 4 3 6 5 . 9 1 
6 4 . 5 7 6 8 . 6 6 1 5 . 9 9 2 0 . 4 5 1 . 2 6 6 4 . 5 6 
5 8 . 2 0 6 8 . 6 6 2 1 . 5 4 2 0 . 4 5 1 . 6 7 6 4 . 0 1 
100 
i . I J I l _ l 1 I I I 1 1 L...J L L I 1 I i I 1 I I I i _ J I I I I l _ _ l I I 
0 60 120 180 240 300 360 420 480 540 600 660 720 780 840 900 960 1020 1080 
30 90 150 210 270 330 390 450 510 570 630 690 750 810 870 930 990 1050 1110 
Time 
Combustion Efficiency 
Figure 22. Combustion efficiency for the March 22, 1996 combustion run. 
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Figure 24. Combustion efficiency for six combustion runs. 
V. CONCLUSIONS 
1. The experiments validated the proposed ASTM procedure for the determination 
of 13 major and minor elements by ICP-AES. 
2. The experiments validated the proposed ASTM procedure for the determination 
of trace elements by ICP-AES. 
3. Over 95% closure of the mass balances for the determination of 24 major, minor, 
and trace elements was obtained. 
4. Some minor and trace elements may be lost during combustion. The elements are 
lost through volatilization. 
5. A method for monitoring combustion efficiency was developed. The method is 
based on the use of iron in the fuel coal as an internal marker. By measuring the 
unburned (organic) carbon and iron oxide in the fly ash and comparing their ratio 
to that in the fuel coal, one can monitor the combustion efficiency of the system. 
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